ABSTRACT: A transient water release and imbibitions (TWRI) method for measuring the soil water retention curve (SWRC) and hydraulic conductivity function (HCF) under drying and wetting states is presented. The intellectual merit of the TWRI method is its integration of physical and numerical experiments: it employs the simple and reliable measurement of transient water content by electronic balance to record the signature of transient unsaturated flow in soil sample, and it takes advantage of the robust inverse modeling capability to simulate the physical process. The TWRI method; therefore, has two integrated components: testing and modeling. The testing consists of water release upon two-steps increase in matric suction and water imbibitions upon one-step decrease in matric suction. Each process lasts sufficient time in order to obtain transient water content. The data is then used as an objective function in an inverse numerical modeling process to obtain the unsaturated hydrologic parameters that fully define the SWRC and HCF of the soil. A novel feature of the TWRI method is its capability to measure SWRC and HCF under wetting state. The apparatus can accommodate both undisturbed and remolded samples. The testing time required for completing a full drying and wetting loop is approximately one week for most soils. Validation of the technique has been performed both experimentally and numerically. Comparisons between data obtained with the TWRI method and the independent Tempe cell method verify the reliability, applicability, and accuracy of the TWRI method. Results from three different soils are presented to illustrate the procedure and performance of the TWRI method for different soils from fine sand to clayey silt. The TWRI method provides a fast, accurate, and simple testing tool for obtaining SWRC and HCF of various types of soils under both wetting and drying states with high range of matric suction several orders of magnitude above the air-entry pressure of the ceramic stone used in the experimental setup.
Introduction
The ability to determine unsaturated soil's hydraulic properties such as soil water retention curve (SWRC) and hydraulic conductivity function (HCF) is critical for analyzing the fluid flow and mechanical behavior of unsaturated soils. Many methods have been developed for measuring unsaturated hydraulic properties using both experimental and empirical approaches. The common experimental methods for SWRC measurement are hanging column, Tempe cells, pressure plate, using varieties of tensiometer, psychrometer, chilled mirror hygrometer, filter paper, centrifuge, and humidity chamber (e.g., ASTM D6836; Hilf, 1956; Spanner, 1951; Gee et al., 1992; Houston et al., 1994; Likos and Lu, 2003) . The common methods for measuring HCF are constant head, outflow, instantaneous profiles, cone permeameters, and constant flow (e.g., ASTM D7664; Richards and Weeks, 1953; Olsen et al., 1991; Gribb, 1996; Lu et al., 2006) . Extensive reviews of these methods regarding their advantages and disadvantages can be found in the literature (e.g., Stannard, 1992; Benson and Gribb, 1997; Lu and Likos, 2004) . In general, the existing laboratory techniques remain complex, time consuming, and limited in suction or water content range. In addition, most experimental methods such as Tempe cell and pressure plate are mostly conducted for measuring SWRC under drying conditions [see the reviews by Bocking and Fredlund (1980) ]. Experiments for wetting process and for HCF determination under laboratory conditions such as instantaneous profile methods usually require extensive time and present some additional experimental challenges associated with sensors and their instrumentations (e.g., Hamilton et al., 1981; Daniel, 1983; Meerdink et al., 1996; Chiu and Shackelford, 1998) .
The axis translation technique is a commonly used laboratory technique for measuring SWRC for a suction range of 0À1500 kPa. However, depending on the amount of data points, the testing may require at least several weeks or even several months. Laboratory measurement of the HCF is generally complicated and time consuming (e.g., Meerdink et al., 1996; Lu et al., 2006; Zornberg and McCartney, 2010) . One attractive approach attempted in the past to reduce testing time is the one-step outflow method, which consists of applying one large matric suction increment and monitoring the outflow data for obtaining the hydraulic diffusivity function by some analytical solutions. This information is coupled with the SWRC so that the HCF may be constructed (Gardner, 1956) . The main deficiencies of this method are the assumptions that the impedance of the ceramic stone is negligible in the tests and hydraulic Manuscript received November 18, 2010;  ; accepted for publication August 1, 2011; published online September 2011. conductivity is constant over each increment in suction in analytical solutions. These assumptions lead to inaccurate and often difficult calculation of the HCF. Over the years, improvements have been made. However, other assumptions and challenges were introduced. The mathematical procedure involved is typically complex, and not enough experimental evidence has been collected to validate the improved methods (e.g., Miller and Elrick, 1958; Kunze and Kirham, 1961; Gupta et al., 1974) . Another approach explored in later years involves obtaining unsaturated hydraulic properties from the one-step outflow data through numerical inverse modeling. Significant progress was accomplished in creating a strong algorithm and improving the probability of obtaining a unique solution to the inverse numerical problem; however, most of these studies require the use of sensors or syringe pumps, they cover a small suction range when using an automated apparatus, and they focus analyzing only drying state conditions (e.g., Parker et al., 1985; Kool et al., 1985; Kool and Parker, 1988; Eching and Hopmans, 1993; Durner et al., 1997; Wildenschild et al., 1997; Ŝ imùnek et al., 1999) , Other works using sensors for suction and moisture measurement (e.g., Ridley and Wray, 1996; Walker et al., 2001; Singh and Kuriyan, 2003) typically involve disturbance of soil samples and challenges associated with numerical modeling and parameter identifications. So far, no consistent testing procedure and common algorithm have been established, there is very limited exploration on obtaining the soil properties for the wetting state, and there have been few experimental works regarding the validity and generality of these methods.
In this work, we describe a systematic testing methodology that combines a simple, fast, accurate water content change measurement, and a robust inverse modeling algorithm for measuring the SWRC and HCF of soils under drying and wetting conditions. The principle, testing procedure, validity, and application of this method are as follows.
Transient Water Release and Imbibitions Method

Working Principles
The principles of the transient water release and imbibitions (TWRI hereafter) method are illustrated in Fig. 1 . If we consider a soil sample to which we apply a sudden large change in suction through the axis translation technique, the transient outflow response is a unique function for each soil sample that is completely controlled by the diffusivity of the soil, the high air-entry ceramic stone, and the configuration of the system. Since a high air-entry (HAE) pressure ceramic disk is used in the system, the hydraulic properties and impedance of the disk are taken into account. The high-resolution transient outflow response obtained experimentally can then be used as an objective function for a numerical model that solves Richards' equation, where the soil parameters that define the SWRC and the HCF can be identified through inverse modeling. This technique can be used for a sudden increase in suction for drying state and a sudden decrease in suction for wetting state. If a sudden increase in suction is applied, water outflow is observed; thus, the water content of the soil decreases with time until the hydraulic head gradient in the system approaches zero and steady state conditions are achieved. Conversely, when the soil sample is subjected to a sudden decrease in suction, water is imbibed back into the soil sample and the water content of the soil increases. Because an electronic balance is used in recording changes in water content, accurate 
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time-series of water content and its derivative with respect to time (i.e., flow rate) required by the inverse modeling can be reliably obtained.
Experimental System
The apparatus used for TWRI tests has five main components as illustrated in Fig. 2(a): (1) flow cell where soil sample in either undisturbed or remolded state is placed and matric suction is controlled, (2) pressure panel to manually control matric suction, (3) reservoir and bubble trap for sample saturation, air bubble trapping and removal, (4) setup container and electronic balance to record water inflow or outflow, and (5) computer with an interface graphic software for real-time graphic display and data logging. Matric suction is controlled by the axis translation technique where the pore air pressure is elevated to a controlled value while maintaining the pore water pressure behind the ceramic stone at the ambient atmospheric pressure.
Details of the main system components are provided in Figs. 2(b)À2(e). The flow cell is made of aluminum; its base is designed to accommodate a HAE ceramic disk (0.32 cm thick) with nominal air entry pressure of 3 bars ($300 kPa). Ceramic disks with other air-entry pressure can also be used. The disk is seated on the base and encircled with a square O-ring such that the system is sealed between the O-ring and disk and between the O-ring and the base plate. A thin water chamber of 0.07 cm in thickness and 5 cm in diameter is located underneath the disk to help maintain the ceramic disk in saturated state. The soil sample may be compacted directly into the cell, or may be placed in a different mold to a custom diameter for undisturbed or remolded samples. A coarse mesh and spring are placed on top of the sample to minimize volume change [ Fig. 2(b) ]. The pressure panel to control matric suction has two switchable regulators, one for controlling pressures of 0 À 15 kPa while the second one is used for pressures between 10 -300 kPa. The 15 kPa pressure regulator typically has 0.1 kPa resolution and is necessary to help identify the air entry value of coarse grained soils.
Any diffused air bubbles trapped in the water chamber behind the HAE disk or plumbing system can be flushed out by injecting water through a 1=16 in. tube into the water chamber and allowing the air to flow out of the system through a T-shape connection [Figs. 2(b) and 2(d)]. To facilitate the removal of trapped air, the flow cell can be placed upside down while injecting water. The diffused air is quantified with a bubble trap consisting of a glass reservoir with four ports, two on top and two on bottom [ Fig. 2(d) ]. The bubble trap is originally filled up with water. One port in the base is connected to the main cell while the other base port drains to the balance. As the diffused air flows into the bubble trap, it displaces the water in the glass reservoir; thus, quantifying the air bubbles volume. The two ports in the top cap of the trap are used for venting and refilling water when necessary. A large water reservoir is used for saturating the system through a three-way valve such that the water can be injected in two ways: (1) the water flows through the 1=16 in. tube to the small reservoir underneath the ceramic disk, out of the T-shape connection to the bubble trap and draining to the balance for system saturation [path 1 in Fig. 2(d) ] or (2) water is injected directly to the bubble trap to refill it [path 2 in Fig. 2(d) ].
Water flowing in or out of the soil sample is quantified and recorded using an electronic balance with 200 g in capacity and 0.01 g in accuracy. A water jar sits on the balance for collecting (drying test) and supplying (wetting test) water flowing in and out of the soil sample. Evaporation is minimized by drilling a hole in the middle of the water jar lip with a diameter slightly bigger than 1=16 in. so that only a tube less than or equal to 1=16 in. can go through it without touching the lip [ Fig. 2(e) ].
The graphic interface and data acquisition software is written in LabVIEW (National Instruments). The software automatically records and displays, at the rate specified by the experimenter(s), the time-series data of the pressure applied to the sample, the water mass variation from the balance, and any remarks from the experimenter(s) during the TWRI testing.
Inverse Modeling Algorithm
The time-series water content data is considered to be a signature function for a given soil with a fixed flow cell configuration. The transient unsaturated flow process leading to this signature function may be predicted by Richards' equation. In one-dimensional space aligned with the gravity direction z, Richards' equation can be written in the form of suction head h as
where h(h) and k(h) are respectively the SWRC and HCF of the soil, and t is time. In a typical TWRI test, the initial and boundary conditions for the drying loop are
where h d is the applied increase in matric suction head, and l is the sample height l 1 plus the thickness of the HAE ceramic stone l 2 . Conversely, the initial and boundary conditions for the wetting loop are
where t d is the time when the dry loop is terminated, and h w is the applied one-step decrease in matric suction head. The analytical solutions of Eq 1 under the initial and boundary conditions 2 or 3 are available under two strict assumptions: hydraulic conductivity is a constant and the impedance of the HAE ceramic stone can be ignored (e.g., Gardner, 1956; Miller and Elrick, 1958; Kunze and Kirham, 1961; Gupta et al., 1974) . These two assumptions are not valid for high impedance ceramic stones and for soil varying considerably in suction or moisture content. Therefore, the analytical approaches have been largely abandoned in the past decades. With the advent of computer power and development of numerical solutions of partial differential equations, Eq 1 can be solved numerically by finite elements and finite differences. The numerical solution of Eq 1 under Eq 2 for the drying state can lead to time-series of outflow at the bottom of the HAE ceramic stone
and the numerical solution of Eq 1 under Eq 3 for the wetting state can be expressed 
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where k s c is the saturated hydraulic conductivity of the HAE ceramic stone.
On the other hand, experimental unsaturated flow data measured by the electronic balance for transient water outflow
as a function of time can be used as objective functions in inverse numerical model to obtain the unsaturated hydraulic properties of the soil. This process is called parameter optimization and it consists of setting up a forward model with appropriate initial and boundary conditions and an initial estimate of the optimized parameters. The anticipated or predicted system response [q d l; t ð Þ for drying andq w l; t ð Þ for wetting] is calculated by a numerical solution of the governing flow equation Eq 1 with appropriate initial and boundary conditions [Eq 2 for the drying loop and Eq 3 for the wetting loop] and compared to the real system response, in this case, the experimental data of water outflow as a function of time [q d exp l; t ð Þ for drying orq w exp l; t ð Þ for wetting]. The system parameters to be inversely modeled are then iteratively improved using some optimization algorithm until the difference between observed and expected responses are within the degree of precision desired van Dam et al., 1994; van Genuchten, 1981) . To ensure parameter uniqueness, it is recommended to rerun the aforementioned algorithm with different initial parameter estimates and to verify that the solution always converges to the same or similar results with some preset tolerances. In addition, it is recommended that the final cumulative outflow corresponds to a large enough fraction of the total water between saturated and residual water contents .
Results presented in this paper were obtained by using Hydrus-1D (Ŝ imùnek et al., 2008) 
Inverse Modeling For Drying State
Water flow in the system is modeled for a one-dimensional variably saturated media with two materials: the ceramic disk and the soil. The constitutive relations between suction head, water content, and hydraulic conductivity under drying state may be represented using the van Genuchten and Mualem's models (Mualem, 1976; van Genuchten, 1980) , described with the following equations:
where h s is the saturated volumetric water content, h r is the residual moisture content, n and a are empirical fitting parameters with a being the inverse of the air entry pressure head and n the pore size distribution parameter, k s is the saturated hydraulic conductivity, and the superscript d indicates drying state. The graphic definitions of these parameters are illustrated in Fig. 3 .
As explained in the TWRI testing procedure, two suction increments are applied after the soil sample is saturated. The first increment is set to slightly above the air entry value so that the sample just gets started in the unsaturated flow regime. Water outflow is then monitored as a function of time, once steady state conditions are reached, the second large suction increment is applied. The numerical model for drying state simulates this process, taking into account both suction increments in the objective function. In this way, the model is better constrained and the parameters obtained through inverse modeling are more accurate.
Initial conditions are controlled through pressure heads, with preset values equal to zero. Boundary conditions apply no flow on top and a specified pressure head on the bottom. The value set for the latter changes with time such that both suction increments applied are simulated in an identical manner to the experimental process. The objective function for drying stateq d exp l; t ð Þ includes experimental data obtained from both suction increments. The inversion of the data was weighted by standard deviation, with the objective function defined by about one hundred points and the weight assigned to all points equal to 1 (all points are reliable). Since this is a one-dimensional model, the objective function [q d exp l; t ð Þ for drying state, andq w exp l; t ð Þ for wetting state] is the total transient water outflow=inflow divided by the cross sectional area of the sample as a function of time.
The soil parameters that are identified by inverse modeling are the residual moisture content h r d , parameters a d , n d , and the saturated hydraulic conductivity k s d . Initial estimates of these parameters and a range of minimum and maximum possible values are specified by the experimenter(s). Saturated hydraulic conductivity k s d is known to be very sensitive to any sample disturbance; thus, experimentally obtained values have a certain range of uncertainty. The approach to avoid results being affected by this uncertainty is to obtain k s d through inverse modeling while constraining possible values to a narrow range close to the measured value. Hydrological properties for the ceramic disk are the same for drying and wetting state; they are specified by the experimenter(s) and are typically provided by the disk manufacturer. Once all the soil properties are obtained, the SWRC and HCF for drying conditions are fully defined.
Numerical Model For Wetting State
The numerical set up for wetting conditions is similar to the one for drying, where both the soil sample and ceramic disk are modeled in one-dimensional flow, and hydrological constitutive relations may be defined using the van Genuchten and Mualem's models
with superscript w indicating the wetting state. The graphic definitions of these parameters are illustrated in Fig. 3 . Initial conditions are controlled by specifying the pressure head distribution to the values obtained at the time when the drying loop was terminated. For example, if during the experiment a soil sample is first saturated, then subjected to 300 kPa of suction for 2 days, and later undergoes wetting by decreasing the matric suction to 0 kPa, then the initial conditions in the numerical model are set equal to the final pressure head distribution obtained with a forward numerical model that (1) starts with a saturated sample (pressure head values preset to zero), (2) uses hydrological properties for drying state, and (3) specifies an increase in matric suction of 300 kPa applied for 2 days. Boundary conditions are set to no-flow on the top and a specified head on the bottom.
The soil parameters obtained through inverse modeling for wetting conditions are h s w , a w , n w , and k s w . Hysteresis is expected in both the SWRC and HCF, thus, smaller values for h s , k s , and water entry are anticipated (Mualem, 1976; Pham et al., 2005) . The saturated hydraulic conductivity k s w obtained through inverse modeling may be verified with the experimental data considering flow through 2 materials in series connection
where k eq is the equivalent hydraulic conductivity of the system and can be calculated using Darcy's law and the flow rate data at h ¼ h s w , k s c is the saturated hydraulic conductivity of the ceramic disk, l s is the length of the soil sample, and l c is the length of the ceramic stone. The residual moisture content for the wetting loop h r w is set equal to h r d . The obtained saturated volumetric water content for wetting conditions h s w can be verified experimentally by measuring the water content of the sample after the testing is completed.
The inversion of the data was weighted by standard deviation, with the objective function defined by about one hundred points and the weight assigned to 0.5 for data points obtained at earlier times and to 1 for the remaining points (data obtained after the first few minutes are more reliable). Hydrological properties for the ceramic disk are the same for both drying and wetting states and are specified by the experimenter(s). Once all the soil properties are obtained, the SWRC and HCF for wetting conditions are fully defined.
TWRI Testing Procedure
A typical testing program for measuring both drying and wetting SWRC and HCF involves eight steps. The testing time required to complete each step is provided in Table 1 . Depending on the soil tested, obtaining the drying and wetting SWRC and HCF with the TWRI method requires 4 to 9 days. The testing procedure is simple and straight forward; the data obtained both experimentally and through the numerical model are reliable.
Step 1. Specimen Preparation
The apparatus can accommodate both undisturbed and remolded samples as neither suction probe nor moisture content sensor is needed. Undisturbed specimens can be placed in their own mold inside the flow cell while remolded samples can be compacted directly into the flow cell. Special care must be taken so that the ceramic disk is not damaged during this process. The experimenter must then obtain accurate measurements of the porosity n p and of the saturated hydraulic conductivity. The former can be obtained by
where G s is the specific gravity, m s is the mass of solids, V t is the total volume of the specimen and q w is the density of water. Saturated hydraulic conductivity is measured independently and it may be accomplished by using either the constant head or the falling head method. If desired, this value can be checked by considering flow through two materials Eq 10 however, it was observed that an independent measurement is more accurate for coarser grained soils.
Step 2. Saturation of the System
Prior to testing the experimenter(s) must saturate the entire system including the ceramic disk, the thin water chamber underneath the disk, the bubble trap, the plumbing, and the soil specimen. Saturation of the disk is accomplished by partially and then fully submerging it in de-aired water while maintaining a vacuum of about 80 kPa in a glass desiccator. Partial submersion of the disk is done to facilitate air escaping the disk during the vacuum saturation. Disks are maintained submerged and under vacuum until no more air bubbles are observed escaping the disks; this process takes approximately 12 -24 h. A similar procedure is used to saturate the soil specimen; vacuum is applied on the top of the sample while de-aired water is imbibed through the bottom. It is recommended to verify that the amount of water imbibed is equal to or greater than the amount of water required to saturate the soil sample. Change in volume is minimized by placing a coarse mesh and a spring between the top of the soil sample and the top cap of the flow cell. Depending on the soil, saturation of the sample may take 3 to 12 h. Generally, at the end of this step some excess water is observed at the top of the soil sample. Saturation of the plumbing is accomplished by flowing water from the large reservoir through the flow cell to the bubble trap and draining to the water jar that sits on the balance. The bubble trap is filled with water using the two ports on its top cap.
Step 3. Data Logging
Data are logged using an interface graphic program written in LabVIEW. The experimenter specifies the interval to record the mass and applied pressure time series. It is recommended to log data every 10 s right after any changes in matric suction are applied to the soil sample and every 10 min when conditions are closer to steady state. An example of typical data obtained during TWRI test showing steps 4 through 8 is provided in Fig. 4 .
Step
Application of Small Suction Increment
After saturation of the specimen, any excess water on top of the sample is allowed to drain by gravity. Next, the experimenter(s) must verify that there is no physical contact between the lid of the jar on the balance and the tubing going through it. Then, a small suction increment slightly above air entry is applied to the sample to just get it started in the unsaturated flow regime. Water outflow is monitored for steady state conditions (Fig. 4) . It takes approximately 12 to 24 h to complete this step. This small increment in suction is set to the magnitude at which some water outflow is observed when matric suction is increased in small increments (0.1 kPa for sands, 0.5 kPa for silts). Typical values for sands are 1 to 2 kPa and for silts are 6 to 8 kPa. The flow rate observed is larger at times closer to zero due to the head gradient in the soil. As the total head distribution in the soil becomes constant, the observed flow rate decreases to zero.
Step 5. Application of Large Suction Increment Next, the experimenter(s) must apply a large suction increment to the specimen while measuring the water outflow as a function of time. The combination of data from steps 4 and 5 is used as the objective function for drying stateq d exp l; t ð Þ (Fig. 4) . The limit of matric suction applied during this step is set by the air entry pressure of the ceramic disk. For example, the current set up uses a three-bar ceramic stone, which limits the largest suction increment to about 300 kPa. If needed, the disk may be replaced with a disk of higher or lower air entry pressure. Water outflow due to the suction increment is monitored and recorded until steady state or close to steady state conditions are met. This step requires approximately 48 h to be completed.
Step 6. Quantification of Diffused Air through Ceramic Disk
After a large suction increment has been applied to the sample for several hours, the cumulative mass of water outflow recorded by 
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the balance includes both water released from the soil sample as well as water displaced due to air bubbles. Therefore, any diffused air needs to be accounted for in order to accurately measure the changes of the soil's moisture content. As explained in the description of the apparatus, air bubbles diffused through the ceramic disk are quantified by flushing them to the air bubble trap. The aluminum flow cell may be turned on its side and tapped to help flush all bubbles out. For 290 kPa of air pressure applied during 2 days, typically we observe 1 to 2 cm 3 of diffused air. When correcting the function of flow rate versus time for drying conditions, it is assumed that air diffuses at a constant rate. The time required to complete this step is about 30 mins.
Application of Wetting Conditions
After all diffused air is quantified, the experimenter(s) must ensure that all plumbing is saturated and that the balance is reset to zero. Next, a large suction decrement is applied so that the water is imbibed by the soil specimen. The mass of water inflow is monitored and recorded in a similar way to the drying loop. If desired, a positive pressure head can be applied to the bottom of the sample by decreasing the applied air pressure to zero and adjusting the elevation of the flow cell relative to the elevation of the water jar placed on the balance. Due to the hydraulic gradient created in this manner, water will flow from the water jar on the balance to the flow cell even after the soil has reached the wetting saturated water content h s w . A typical response for application of wetting conditions is depicted in Fig. 4 . The rate of water imbibitions is first larger and as the total head distribution becomes constant, steady state conditions are reached. If a gradient was created between the water reservoir and the soil sample, the water mass in the balance decreases linearly with time after saturated wetting conditions are reached. The tests presented in this paper were performed with 0 kPa of applied air pressure and 8 cm of elevation difference between the water jar and the ceramic disk (approximately -0.8 kPa of matric suction). In the numerical model, the bottom boundary condition for the wetting path is equal to the pressure head at the base of the ceramic disk (i.e., 8 cm). The transient data considered for the objective functionq w exp l; t ð Þ must correspond only to the unsaturated flow regime where moisture content of the sample increases with time. Depending on the type of soil and specimen dimensions, this step takes 7 to 24 h to complete.
Step 8. Obtaining Objective Function and Performing Inverse Modeling
The objective function is defined as the water volume flowing in or out of the soil as a function of time. As explained earlier in the paper, two numerical models that implement the LevenbergMarquardt algorithm are set up, one for drying and the other one for wetting conditions. In both cases, it is recommended to work with at least 100 points in the objective function. For the drying state,q d exp l; t ð Þ includes the transient data obtained for both the small and large suction increments. It is important to have more data points close to the times when a suction change is applied so the shape of the curve is represented accurately. The data used in the objective function must include the correction due to diffused air volume as explained in step 6. Since the numerical model simulates one-dimensional unsaturated flow, an equivalent threedimensional solution can be found by multiplying the water inflow or outflow given by the model with the cross-sectional area of the soil sample. In the same way, the water flow specified in the objective function is equal to the volume measured by the balance divided by the cross sectional area of the sample. Figure 5 displays an example of change in volumetric water content of a soil for both drying and wetting conditions; the hollow circles are experimental data [q d exp l; t ð Þ for drying orq w exp l; t ð Þ for wetting] and the smooth lines are the response predicted by the model. To ensure uniqueness of the results, the experimenter(s) may check that the same parameters are obtained for different initial estimated values of the parameters that are identified through inverse modeling. The time required to complete this step is approximately 3 h. Once all the hydrological properties are obtained, the SWRC and HCF for both drying and wetting conditions may be plotted.
Validation of the TWRI Method
Three main approaches were used to validate the TWRI technique: (1) (2) we tested for repeatability of results during the experimental portion, and (3) we compared the SWRC results for both drying and wetting with other traditional methods.
Uniqueness of Results Obtained by Inverse Modeling
The working principle for this technique is that when a large suction change is applied to a soil subjected to fixed initial and boundary conditions, the transient response is unique to that soil. Thus, if information of water outflow or inflow as a function of time is provided, the hydrological properties of the soil may be calculated with an inverse model. The results obtained must be independent of the initial estimates for the variables calculated this way. For verification of uniqueness of results, a forward model for a given soil with known properties was executed and the expected transient response obtained. These data were then treated as "observed data" and a numerical inverse model was performed providing random initial estimates for h r , a, and n; it was then verified that the results obtained with the inverse model converge to the actual soil properties. The procedure described above was repeated for 14 different soils ranging from sand to clay. Typical transient response and SWRC for sand, silt, and clay specimens are provided in Fig. 6 ; the circles, squares, and crosses represent the "observed data" (data obtained with the forward model) while the solid lines represent the results obtained with inverse modeling. The fit for both transient data and SWRC is very good. A comparison of the soil parameters obtained through inverse modeling and the true parameters (used in the forward model) is provided in Fig. 7 . With the exception of silt loam, the a and n calculated parameters compare well with their corresponding "observed" values, having a maximum difference of 8 % and 17 %, respectively. The parameters obtained for the silt loam demonstrate that there may be more than one unique set of parameters that will correspond to a given transient response; however, it is feasible to identify unreasonable set of parameters based on the type of soil being tested. For example, the user is able to narrow the range for the parameter a with the knowledge obtained about the air entry value when the small suction increment is applied and the soil just enters the unsaturated flow regime. The scatter for the comparison of h r values is slightly larger than the other two parameters, with a largest difference of 20 % between calculated and "observed" results.
Repeatability of TWRI Tests
Repeatability of the outflow data obtained experimentally was verified by performing three independent trials on the same soil sample. A sandy soil (SP) was compacted to a porosity of 0.4 and saturated as specified in the procedure section. The soil was started in the unsaturated flow regime by applying 2 kPa of suction and monitoring the data until no more water flow was recorded. Next, 300 kPa of suction were applied to the specimen and the transient outflow response was recorded. The soil was then re-saturated and an identical procedure was repeated two more times; the data from the three trials is reported in Fig. 8 . Results indicate that for an identical soil sample and fixed initial and boundary conditions, the data are repeatable. For the three trials recorded, all points are within 0.01 % of each other.
Independent Experimental Confirmation
Two remolded soils, a poorly graded sand and a silty clay, were tested using both the Tempe cell and the TWRI method. Soil properties for both soils and the ceramic disk are reported in Table 2 ; the hydrological properties of the ceramic disk were provided by the manufacturer (Soilmoisture Inc.). For this validation, the soil samples were first saturated and tested with the TWRI method, then re-saturated and tested with a Tempe cell. The apparatus used for both tests is the same, the method differs in applying one large suction change for the former and several small suction changes and waiting for steady state conditions in the later case.
SWRC and HCF (wetting and drying) obtained for the poorly graded sand are provided in circles, and the best fit to Tempe cell data using van Genuchten model and RETC least-squared regression algorithm (van Genuchten et al., 1991) are plotted with dashed lines [ Fig. 9(a) ]. Results obtained with both methods for the drying loop compare well, having a largest difference of about 10 %. In the wetting case, results compare very well for larger moisture content values while a difference of about 35 % is observed for data close to the residual moisture content. Hydrological soil parameters obtained with both methods are reported in Table 2 . The difference in values for the van Genuchten parameters a and n are 10 % and 7 % for the drying loop and 0 % and 28 % for the wetting state. A comparison of HCF obtained with the TWRI method and Mualem model is presented in Fig. 9(b) . The solid lines represent drying and wetting HCF acquired with TWRI while the dashed lines correspond to functions calculated using Mualem model based on Tempe cell data and parameters calculated with RETC. HCF for the drying state compare very well while some difference is observed in the functions for the wetting loop, probably due to the 28 % difference in the n parameter.
In a similar way, results obtained for remolded silty clay tested under drying state are reported in Fig. 10 . For this soil, the SWRC and HCF measured with both methods compare very well. The hydrological parameters determined with TWRI and Tempe cell data are reported in Table 2 . The difference in values for the van Genuchten parameters a and n are 18 % and 8 %, respectively. Therefore, validation of the TWRI method was performed both experimentally and numerically. The results presented in this section show that the experimental data is repeatable, the hydrological properties obtained through the inverse model are independent of the initial estimates, and the SWRC and HCF obtained with TWRI method compare well with results obtained with other traditional methods.
Applicability of the TWRI to Different Soils
The TWRI method can be used for soils that meet the following conditions: (1) the soil sample does not undergo significant volume changes during drying and wetting, and (2) the final obtained cumulative outflow corresponds to a water content change of at least 50 % of the difference between saturated and residual moisture contents. SWRC and HCF were obtained for the three soils characterized in Table 2 ; they include a remolded poorly graded sand, an undisturbed silty clay, and a remolded silty clay. The values reported for k s d were obtained using the TWRI method. For these particular cases, both the independently measured value and the value obtained with TWRI method are the same when taking two significant figures. 
Remolded SP Soil
The first material is a sandy colluvium obtained from Vashon Advance Outwash Sand collected from a coastal bluff near Edmonds, WA. Here, the U.S. Geological Survey monitored suction and water content near the surface for 5 years until a shallow landslide occurred in 2006 under partially saturated conditions (Baum et al., 2005; Godt et al., 2009 ). The specimen tested was remolded and compacted to a porosity of 0.39 with a total volume of 77.3 cm 3 ; a saturated hydraulic conductivity of 2.1 Â 10 À4 cm=s was measured using the constant head method. After the sample was saturated, a suction of 1 kPa was applied for 30 min, no water outflow was measured. Next, a 3 kPa suction increment was applied for 28 h resulting in a decrease of volumetric water content to 0.34 (4.6 g of water release). This step was followed by a suction increment of 290 kPa which reduced the volumetric water content to 0.03 (26 g of water release). The diffused air volume measured was 2 cm 3 . Data for wetting state was obtained by applying matric suction equal to zero, which was accomplished by reducing the applied air pressure to 0 kPa and maintaining the water jar on the balance and the ceramic disk in the flowcell at the same level. The transient data for this test is reported in Fig.  11(a) . One hundred points were used for the objective functions. When setting up the numerical models for drying and wetting state, the following observations were considered: (1) no water outflow was observed at 1 kPa suction while 4.6 g of water were measured at 3 kPa suction. Thus, the possible range of air entry value for this soil was set to 1 to 3 kPa, (2) the saturated hydraulic conductivity was measured, so the allowed range for k s d in the model was narrow (1 Â 10 À4 cm=s to 3 Â 10 À4 cm=s), and (3) the experimentally measured volumetric water content after the test was finished was 0.31, so h s w was restricted to a narrow range close to this value. The corresponding SWRC and HCF with the obtained soil properties are presented in Fig. 11(b) . It was observed that the value obtained for k s d using the TWRI method is the same as the value measured experimentally.
Undisturbed CL-ML Soil
An undisturbed sample of a silty sand obtained from a landslideprone hillside near the San Francisco Bay region, CA was obtained in a 6.35 cm diameter Shelby tube (Lu et al., 2011) . The porosity and k sat measured were 0.44 and 1.1 Â 10 À5 cm=s, respectively; the total volume was 69.7 cm 3 . The sample was placed directly into the flowcell and was saturated for about 12 h. Suction increments of 0.5, 1, and 3 kPa were applied and no water outflow was measured. When a suction increment of 5 kPa was applied for 8 h, 1 g of water outflow was measured. A larger suction increment of 290 kPa was then applied and resulted in about 20 g of water outflow. The air volume diffused during drying conditions was 0.5 cm 3 . Hydrological properties for wetting state were measured by applying a positive pressure head of 0.8 kPa at the base of the sample. This was accomplished by decreasing the applied air pressure to 0 kPa while maintaining the ceramic disk in the flow cell 8 cm lower than the water level in the jar [ Fig.  12(a) ]. When setting up the inverse numerical models, the lower limit assigned to a d corresponds to an air entry value of 3 kPa. Since only 1 g of water outflow was measured at 5 kPa suction, the upper limit for air entry was set to 20 kPa. In addition, k s d was set to an allowable range of 7 Â 10 À6 cm=s to 3 Â 10 À5 cm=s).
The test results for the undisturbed CL-ML soil sample are shown in Fig. 12(b) .
Remolded CL-ML Soil
The third sample tested was remolded silty sand obtained from the same area as the second sample. The soil was air dried and then compacted directly into the flow cell at a porosity of 0.48 with a total volume of 61.6 cm 3 . A constant head test was performed to measure a k sat equal to 1.0 Â 10 À5 cm=s. Saturation of the sample lasted approximately 14 h, then, 1 and 3 kPa suction increments were applied with no water outflow measured. Next, 10 kPa of suction was applied during 4 h and 2 g of water outflow were measured. This suction change was followed by a larger increment of 290 kPa which was applied for 50 h and resulted in 14 g of cumulative water outflow. The volume of diffused air was 0.3 cm 3 . Similar to the undisturbed CL-ML sample, wetting state was measured by applying a positive pressure head of 0.8 kPa at the base of the sample. Transient data and measured SWRC and HCF for both wetting and drying states are shown in Fig. 13 . In a similar way to the previous two samples, the objective functions were conformed by 100 data points and the initial values and possible ranges for the soil properties were influenced by the observations during the experimental portion. For example, the air entry value expected for this sample was greater than 3 kPa.
Results obtained for the three different soils illustrate the range of applicability of the TWRI method. Soils ranging from clean sands to fine grained samples were tested, as well as both undisturbed and remolded soil samples.
Summary and Conclusions
This paper presents a new transient water release and imbibitions (TWRI) method for measuring the soil water retention curve (SWRC) and hydraulic conductivity function (HCF) under drying and wetting states. The intellectual merit of the TWRI method is its integration of physical and numerical experiments, employing the simple and reliable measurement of transient water content using an electronic balance so that the signature of transient unsaturated flow in the soil sample is analyzed using numerical inverse modeling that simulates the physical process.
The main advantages of this method are: (1) only one soil sample is needed to obtain all hydrological properties, (2) the apparatus accommodates either remolded or undisturbed soil samples, (3) capability to test the soil under wetting conditions (feature that most standard tests do not have), and (4) testing time required to obtain all hydrological functions is approximately one week, which is a significant improvement over all other methods that require over 2 months to obtain one SWRC, depending on the number of data points obtained and the soil tested.
Validation of the technique was accomplished by (1) verifying that the parameters obtained through inverse modeling are reliable and independent of the initial values assigned to them, (2) ensuring the experimental results are repeatable, and (3) comparing results with data obtained using other traditional methods. Recommended procedures and performance of the transient water retention technique are illustrated using test results for three soils: a remolded sample of poorly graded sand, a remolded sample of silty clay, and an undisturbed sample of silty clay. The TWRI method provides a potential fast, accurate, and simple testing tool for obtaining SWRC 
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and HCF of various types of soils under both wetting and drying states with high range of matric suction several orders of magnitude above the air-entry pressure of the ceramic stone used in the experimental setup.
